A novel methodology for measuring gas flow from small orifices or nozzles into vacuum is presented. It utilizes a high-intensity femtosecond laser pulse to create a plasma within the gas plume produced by the nozzle, which is imaged by a microscope. Calibration of the imaging system at known chamber pressures allows for the extraction of absolute number densities, and we show detection down to helium densities of 4 × 10 16 cm −3 with a spatial resolution of a few micrometer. The technique is used to characterize the gas flow from a convergent-nozzle aerosol injector as used in single-particle diffractive imaging experiments at free-electron laser sources. Based on the measured gas-density profile we estimate the scattering background signal under typical operating conditions of single-particle imaging experiments and estimate that fewer than 50 photons per shot can be expected on the typical detector of such an experiment.
I. INTRODUCTION
The advances of x-ray free-electron lasers (XFELs), which provide intense and short pulses of coherent xrays, open up new possibilities for imaging of aerosolized particles, and even individual molecules, with atomic spatial resolution [1] [2] [3] [4] . As experiments can be conducted completely in the gas-phase and do not require sample immobilization, e. g., cryogenic freezing, XFELs furthermore provide unprecedented capabilities for capturing ultrafast dynamics of isolated systems with femtosecond temporal and picometer spatial resolution [4] [5] [6] . This is enabled by the short and intense x-ray pulses available at these facilities, which typically provide pulses with ∼1 mJ pulse energy, ∼10 fs pulse duration, and ∼100 pm wavelength. This allows the imaging methodology to outrun radiation damage effects in the diffraction before destruction mechanism [7] [8] [9] [10] . Combining many diffraction patterns from reproducible isolated aerosol targets imaged at random orientations should allow one to reconstruct the threedimensional, atomically resolved structure [11, 12] . In recent years full 3D reconstruction has been demonstrated and the achieved resolution continuously improved [13] [14] [15] [16] .
The advent of these new possibilities for imaging isolated systems in vacuo has prompted the development and improvement of techniques for injecting samples into the interaction region. Using gas-dynamic virtual nozzles (GDVNs) [17] for producing focussed liquid jets enabled the serial femtosecond crystallography (SFX) methodology [18, 19] , allowing the reconstruction of sub-nanometer-resolution structures from micrometer sized crystals [18, 20] . Aerodynamic lenses [1, 21] and convergent-nozzle injectors [22] are widely used injection techniques to produce focused or collimated streams of nano-or micrometer sized particles. They fundamentally rely on a gas flow that interacts with the particles of interest and, through shear and drag forces, produces the desired stream of particles. Typically, helium is used for its relatively small x-ray scattering cross-section. However, since the helium gas density at the interaction point is still many orders of magnitude higher than the sample density, scattering from the focusing gas can make a significant contribution to the recorded background scattering [2, 23, 24] . In order to account for this background and to make quantitative predictions and background calibrations, therefore, requires knowledge of the gas density at the interaction point, typically located a few hundred micrometers below the injector tip [22] .
Here, we present a methodology that allows the spatially resolved measurement of gas densities down to ∼ 4× 10 16 cm −3 with high spatial and, potentially, temporal resolution. This is achieved by using a high-intensity femtosecond laser pulse to create a plasma within the gasstream, which is then imaged by a microscope objective and camera. The observed intensity of the plasma depends on the local gas pressure in the laser focus. By calibrating the plasma formation and imaging system to known helium pressures, this method allows us to create spatial maps of the gas flow from an injector tip. Compared to previous methods, this approach provides a higher sensitivity, allowing the detection of one order of magnitude lower gas pressures, and it does not rely on interferometric measurements prone to mechanical instabilities [25, 26] . In particular, we characterize a convergent nozzle injector [22] under typical operation conditions for XFEL single particle diffractive imaging experiments. Based on the measured gas-density distribution, the x-ray scattering signal expected from this helium background at typical operating parameters of currently available XFEL endstations is calculated. To assess the local gas density at the tip of an aerosol injector we crossed the gas stream with a focused femtosecond laser beam of sufficient intensity to produce a plasma inside the gas-stream. The bright visible glow of this plasma was recorded on a camera. The intensity depended on the laser intensity and the gas density in the interaction volume. By calibrating the imaging system at known gas densities, this allowed us to build up a highresolution spatial map of local gas-densities produced by the injector tip.
A simple sketch of the vacuum and imaging system is shown in Figure 1 . The vacuum system consisted of two differentially pumped chambers, connected only through the injector tip. The upper chamber (i. e., upstream of the injector) contained a capacitive pressure gauge (Pfeiffer Vacuum CMR361) with an absolute accuracy of 0.2% independent of gas type, a high-precision leak valve connected to a high-purity helium supply and a connection to a roughing pump, with the pumping speed controllable through a needle valve. This setup allowed us to maintain a constant pressure during operation of the injector by matching the helium flow into the upper chamber to the gas transmission through the injector aperture. This chamber mimicked the typical nebulization chamber in single-particle imaging experiments. At the bottom of this upper chamber and mounted on a 6 mm outer diameter stainless steel tube was the injector tip (30 • convergence angle, orifice 111 µm) [22] , located within the main vacuum chamber as shown in Figure 1 . This chamber was evacuated by a turbomolecular pump (Pfeiffer Vacuum HiPace 80) and the pressure was monitored through a full-range pressure gauge (Pfeiffer Vacuum PKR361). The laser-matter interaction was imaged through a standard vacuum viewport with a 10× long working-distance microscope objective (Edmund Optics) that produced an image on a high-sensitivity CMOS camera (Thorlabs DCC3240M, 10 bit monochrome). Residual stray infrared light from the femtosecond laser was blocked using two shortpass filters (Thorlabs FESH0700, OD > 5 for λ > 700 nm) mounted between the objective and the camera and stray light was reduced by mechanically enclosing the optical path. The entire imaging system (objective, filters, camera) was mounted on a three-dimensional translation stage.
The laser passed through the interaction chamber perpendicular to both, the gas-stream and the imaging axis, as indicated by the red cross in Figure 1 . It consisted of pulses from an amplified Ti:Sapphire laser system (Spectra Physics Spitfire ACE) centered around 800 nm, running at 1 kHz repetition rate, and producing 40 fs pulses with 0.7 mJ per pulse used in the current experiment. The laser was focused into the interaction region with a f = 300 mm plano-convex lens, producing a focal spot size of 50 µm (4σ) with a nominal Rayleigh range of ∼2.5 mm and a peak intensity of 8.9 × 10 14 W/cm 2 . The focusing lens was placed on a 3D translation stage to allow translation of the laser focus in space to ensure overlap with the gas stream within the Rayleigh range and to allow probing of the local gas densities at different distances from the injector nozzle.
The imaging system was calibrated by recording the plasma-glow intensity when flooding the chamber to a known helium pressure; details are given in the supplementary information. To collect data from the injector produced plasma, the injector tip was installed in the center of the chamber and the upper chamber was pressurized with helium as discussed above. The horizontal laser-injector overlap, i. e., along the imaging axis, was optimized to produce the brightest plasma. Then the vertical position of the laser was adjusted by translating the focusing lens, such that it passed just below the injector tip. The laser focus was translated downwards in steps of 12.5 µm and at every point 20 frames were collected on the camera. The exposure time was adjusted such that the plasma was clearly visible but no saturation occurs. During the subsequent data analysis the images collected at the same position were averaged and scaled by exposure time. Then all images from a single upstream pressure were combined, keeping for every pixel the maximum intensity that occurs in one of the images. This "max intensity stack" approach was chosen because the produced plasma continues to glow for an appreciable time even after the laser pulse has past through the sample. As the gas is moving rapidly away from the nozzle -due to chocked flowed conditions the speed is probably close 1000 m/s -this led to intensity on the camera below the interaction point with the laser, as can clearly be seen on the photograph in Figure 1 b. Averaging collected images from different positions, therefore, would have overexposed the lower part of the image. The pressure for every pixel was retrieved by comparison with the calibration measurements.
III. RESULTS AND DISCUSSION
The measured pressure distribution from a convergent nozzle tip operated with 800 mbar of upstream helium is shown in Figure 2 . Similar measurements for upstream pressures of 300 mbar and 500 mbar are shown in the supplementary materials. During the measurement the pressure in the main chamber was maintained below 2 × 10 −2 mbar, ensuring chocked-flow-conditions through the orifice. The topmost measurement was taken around 80 µm below the tip; moving the laser further up leads to clipping of the beam, and potentially damage, on the ceramic tip. At distances 600 µm below the tip the pressure had fallen such that no plasma was observed. The gas pressure was found to decrease dramatically with increasing distance from the injector tip, as expected. Due to the acceleration of gas inside the orifice, initially some propensity for the helium to continue along the axial direction is observed, rather than radially isotropic diffusion, resulting in the non-spherical pressure distribution measured. Under typical operating conditions for single-particle diffractive imaging experiments, the interaction region, that is, the crossing point of the x-ray beam with the particle stream, is located ∼ 300 µm below the injector tip. At this position the pressure has already dropped considerably and, for the measurements of 800 mbar upstream pressure (Figure 2 ) is on the order of 3 mbar.
To quantify the spatial resolution in the produced images we differentiate between the resolution within the imaging plane, i. e., within the plane of laser illumination, and the resolution parallel to the camera surface. The latter is limited only by the imaging system employed. For the current setup a single pixel corresponds to 0.86 µm, however due to aberrations and mechanical instabilities we estimate the resolution in this plane to be on the order of 2 µm. In the direction perpendicular to the imaging plane, the resolution is not only limited by the depth of focus of the imaging system, but also by the focal spot size of the illuminating laser, which is around 50 µm (4σ) for the data shown. This is, however, still significantly smaller than the orifice size of the injector, allowing us to image essentially the central slice through the (radially symmetric) pressure distribution.
Helium pressure profiles along both the axial and radial directions are shown in Figure 3 , where the measured pressure has been converted into an absolute number density assuming ideal gas behavior. Figure 3(a) shows the axial density distribution along the center line of the injector as a function of distance from the tip, for different upstream pressures. The pressure decreases rapidly with distance from the injector, and exhibits approximately a 1/r 3 dependence, which is shown by the dashed lines in Figure 3 a, as would be expected for an isotropic radial diffusion in 3D. For the production of focused nanoparticle beams the pressure upstream of the injector is typically in the range of 200-500 mbar, while the particle focusand hence interaction point -is located a few hundred micrometer downstream the nozzle [22] . Therefore, the corresponding number densities at the interaction point are typically on the order of 5×10 16 cm −3 . Radial profiles of the helium number density are shown in Figure 3 b, measured at various distances below the injector tip for an upstream pressure of 800 mbar; profiles for further upstream pressures are shown in the supplementary information. These clearly show that the initially narrow gas plume spreads out radially, leading to a rapid decrease in the absolute density along the center line.
To assess the total scattering signal that can be expected from helium in XFEL based diffraction experiments, one has to take into account not only the interaction point itself, but due to the large Rayleigh length of the XFEL beam, typically several millimeters, one should take into account the full extend of the helium "cloud" along the x-ray beam, the extend of which is visible from the radial profiles in Figure 3 b. From our spatially resolved measurements we can assess the average helium density encountered by the XFEL pulse as it travels through the helium cloud, and for 500 mbar upstream pressure this is ∼ 3.6 × 10 16 cm −3 , corresponding to the average helium density 300 µm below the injector tip as measured within our field of view. Considering the known helium cross sections for elastic (Rayleigh) and inelastic (Compton) scattering, and typical operating conditions for the CXI endstation at the Linear Coherent Light Source (LCLS), e. g., 10 keV photon energy and 10 11 photons per pulse, we expect a total of ∼ 500 scattered x-ray photons per shot due to the helium background gas. Considering an isotropic scattering distribution and a detector opening angle of 60
• , this corresponds to ∼ 40 photons per shot on the detector. We furthermore note that the majority of these photons (> 70 %) originate from ineleastic scattering processes, and can thus potentially by discriminated against by an energy-resolving detector [27] .
IV. CONCLUSION
We present a robust and sensitive approach for measuring the spatial distribution of gas flows from nozzles into vacuum. Calibration at known pressures allows the determination of absolute pressures and number densities with high spatial resolution. With the current setup the minimum detectable density is on the order of 10 16 cm −3 , around one order of magnitude smaller than with interferometric approaches [25, 26] . The spatial resolution within the imaging plane is around 2 µm, perpendicular to the imaging plane it is limited by the laser spot size of 50 µm (4σ). We also note that this methodology can be further extended to measurements in the time domain, due to the inherently pulsed nature of the laser illumination.
We used this approach to assess the gas flow from a convergent nozzle injector [22] typically used for singleparticle diffractive imaging experiments. We found that at typical operating conditions the gas density in the interaction region is on the order 5 × 10 16 cm −3 . By evaluating the average gas density encountered by an x-ray pulse as it travels through the gas plume we estimate that fewer than 500 photons will be scattered by the helium. This number could be further reduced by increasing the distance between the injector tip and the interaction region, which could could be facilitated through the use of shallower convergence angles within the injector [22] . Further approaches to reduce the incoherent scattering from helium could incorporate inhomogeneous electric fields to deflect particles of interest out of the helium plume [28] , as has been demonstrated for single molecule scattering experiments at LCLS utilizing supersonic molecular beams [2].
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